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suMMARY

The1200°C isothermalsectionsof the iron-nickel-molybdenumand
thecobalt-iron-molybdenumternarysystemsweresurveyed.Thephases
occurringinthesesystemswereidentifiedby meansof X-raydiffraction
andby etchingmethods,andthephaseboundariesat 1200°C weredeter-
minedmicroscopically,usingthe disappearingphasemethodwithquenched
specimens.Bothsystemscontainlongsolid-solutionfieldsof themu
phase. Otherintermediatephasesoccurringinthe iron-nickel-molybdenum
systemaretheP phaseandthedeltaphase. Bothphasediagramshave
extensiveface-centeredcubicsolid-solutionfieldsand somebody-
centeredcubicsolidsolutions..

INTRODUCTION“

Thepresentreportisthelastof four
AdvisoryCommitteeforAeronauticsto cover

preparedfortheNational
researchworkconductedat

theUniversityof NotreDanewiththe sponsorshipandfinancialassist-
anceof theNACAon phasediagrms of ternaryand quaternarysystemsof
interestin connectionwithhigh-temperaturealloys.Previous reports
of thisseriesdealtwiththe chromium-cobalt-nickelsystem(reference1),
the chromium-cobalt-nickel-ironsystem(reference2) andthe chromium-
cobalt-nickel-molybdenumsystem(reference3). me -in purposeof this
workwasto providea surveyof thephaserelationshipsinthesesystems.
In orderto be ableto completesucha surveywithinpracticablepericiis
of time,itwas decidedat theoutsetto do allworkat a singletempera-
ture,withonlysupplementarydataprovided,whereverparticularlydesir-
able,at othertemperatures.Thetemperature1200°C was chosenforthe
isothermalsurveywork,sinceit is withinthe rangeof technologically
usefulannealingtemperaturesand it is highenoughto allowa reasonable
approachto equilibrium.conditionsinmosta~oys ~thin a periodof 1 or

. 2 days,thusallowingcoverageof a widecompositionrangeby processing
a largenumberof alloys.

b
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:Theworkcc$reredin thepresent~pm-t includedtwoternarydia-
.

grams,namely,the iron-cobalt-molybd&mma“hdthel~ofi-n<ckel-mol.ybde~.
In viewbf theobjectof providingbackground;nfo~tion forhigh- .
temperature-all~ydevelopment,emphasi~-~spla~ed-onthe,face-centered
cubicsolidsolutions.In &5ditionta these,theboundaries.of all
phases”we~alsoinvestigatedwhichare-directlyadjacentto theface-
centered!cubicphaseandarecapableof coexisti~”withit.

Followirigthenorne~clature”usedintheprevio~sreports,theface-
centeredcubic-phasewas;designatedalpha,‘andthe-–body-centeredcubic
phasewas”designated=epsilon.The ipt-ermediatephasescoveredin this
investigationare.the.following:Thedeltaphasebgsedon themolybdenum-
nickelbitiryphaseatapproximately36to 39perce’ntnickel,themu
phasebasedon thebinaryintermediate-p%se-inth$~i.ron=molybdenumsys-
temat about55 percent“molybdenumandalso”occurr@ginthemolybdenum-
cobaltsystemat about3-9to 46 percent--cobalt, andthenewlydiscovered
ternaryP phaseinthe iro.n-molybdeimm-nickelsy6t@. Themu phasein
the Iron-molybdemimsystiemand inthecobalt-molybdenumsystemwas
designatedby previousinvestigators(reference4, p. 1210)as epsilon.
Thenewnomenclaturewas adoptedin orderto avoid_confusionwiththe
body-centered.cubicphasebasedon chromium,which-occurredinthe sys-
temscoveredinthepreviousreportsof thisseries.Themu phasealso
occursi’nthe iron-tungsten,thecobalt-molybdenum,andthecobalt-
tungsteqsystems(reference5). Ithasbeende~ignatedby someinvesti-
&atorsas xi. ~is phasehasbeenreportedto havea hexagonalstructtie “
with c/a= 5.4 or,alternatively,a rhombohedral-structure.Thecrys-
tal structureof’thedeltaandof the.Pphaseisunknown.TheP phase
was recentlydiscoveredinthe chromium-molybdenum--+.ckelsystem(refer-

b-

hence3) and isnowfoundagainas a ternaryphaseinthe i.ron-molybdenum-
.nickelsystem. ‘.

The cobalt-molybdenumandnickel-molybdenumpl&e diagrams,dis-
—

cussedin reference3, yer&”de%erminedby.SykesandGreff(reference6)
andby Ellinger(seerefere~e4, p. 1230),respectively.Thecobalt-
ironphasediagrqmwasdeterminedby EllisandGrefier(reference7) and
thenickel-irondiagramis giveninthe“l’M’etElsHanabookir(reference4J
p. 1211). Theonlypertinenbbinaryphasediagramnotireferredto Ina
previousrPportof thissepiesisthe iron-molybdenumphasediagram
whichisgivenin the-’’MetsJsHandbook”(reference4, p. 121Q). The .-
on.lyternaryphasedia- availableinthe-llterat-~eforthe iron-

--

molybden~-nickel..system-is‘tha{pu~lis”hed-by K6ster(reference8), and
forthe iron-molybddniim-cobaltsystem,theonepublishedby K&ter and
Tonn(reference9). Theltitterdiagramwas confirmed.in.’itqessential
features.However,asdescribedlater,th-ephasediagramgivenby 16ter
for”theiron-molybdenum-nickelsystemproved,to be inerredin several
respects.@ster assumedthatthemolybden~-tronmupha8e andthe *

molybdenum-hick~ldelta’”phaseformeda coptiniiDuss~riesof solidsolu-
tions. However,sincethattimeit hasbecomeclearthatthesetwo a
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phasesarenot isomorphousandthat-,
continuousseriesof solidsolutions

consequently,theycannotforma
with’eachother.

3

The authorswishto expresstheirappreciationof the’assistance
ofMi$sR. K-e ~ Messrs.J. R. O’Hara,G. R. Pendle,,andM. Duggan.

EXPERIMENTALPROCEDUFW

A totalof 170alloyswaspreparedforthe cobalt-iron-molybdenum
and iron-nickel-molybdenumternarysystems.Of these,eightwereinthe
iron-molybdenumbinarysystem;thatis,theywerecommonto boththe
ternaries.Of the remainingalloys,105werein the iron-nickel-
molybdenumsystemand~, in the cobalt-iron-molybdenumsystem.

Forthepreparationandhomogenizationof the alloysthe same
expertientalarrangementwasusedas describedby ManlyandBeck (refer-
ence1). Themeltingwas donein a high-&equencyinductionfurnace
undervacuum. Priorto the actualmelting,whileheatingw the charge,
severalheliumflushesweregiven. The chargewas always100grams.
The ingotswereallowedto solidifyinthe cruciblein vacuum. They

wereof cylindricalshapeandvariedfrom7/8 inchto 1~ inchesin

dimneter,dependingon the cruciblesused.

The ingotswerefoundto be fairlyfreeof segregation.Thebottom
part,whichwas comparativelymorehcniogeneousthanthetoppartof the
ingot,wasusedforthe intiestigation.Thebottomsectionsof all
ingotsweresawedintofourpieces. Oneof thesewashomogenizedat
1200°C in a purifiedatmosphereconsistingof a mixtureof 9Z percent
heliumand8 percenthydrogen.A secondpiece,directlyadjacentto
thefirst,wasusedforchemicalanalysis.

Themetalsusedforthepreparationof alloyswere (1)molybdenum
inthe formof l/8-inchrod,(2)electrolyticnickel,(3)electrolytic
iron,and (4)cobaltrondelles.Thelotanalysesof themetalsare
givenin tableI. Threetypesof cruciblesof approximatelythe ssme
insidedimensionswereused: (1)Recrystallizedalunina,(2)Alundtun,
and (3)stabilizedzirconia.Bestresultswereobtainedwiththefirst
two,andthesewereusedinmostcases. Table11 liststhe crucibles
usedformakingeachslloy.

Two differentperiods,nsnely~ hoursand 96 hours,wereusedfor
homogenizingat 1200°C. Experiencein previousworkon thisproject
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showedthatperiodsoflthismagni$ude.weresufficient.forsatisfactory .—

approachto equilibriumconditions.The48-hourhomogenizingperiod
wasusedforalloysconsistingpredominantlyofialpha”and/orepsilon
phases,whichcouldbe hoti-forged.Thesealloyswerehot--forgedtwtce

.

at 1200°C.,witha 1200°C annealinbetween
anneal0F48 hours.

J Priorto thehomogenizing
Theotherphases,nsmely,mu,P, anddeltxr(and

sometimesalsoep6ilon), weretoobrittleto be hot-torgedandconse-
quentlyhadto be homogenizedfora longerperibd,&mely, 96 hours.
Allalloyswerequenchedin coldWter fromtheanne~lingtemperature
of 12000c.

.

A powdersample.~rX-raydiffractionwaspreparedfromeachhomog-
enizedspecimenby filingor crushing,dependingon how&tile or brit-;
tlethe specimenhappenedtcbe. ..Thegeneralruletisto usefilingfor
alloysconsistingpredominantlyof thealphaor epsilonphase. The
otheralloyswereprepared”bycrushing.Therestof.thehomogenized
specimenwasusedfor.microscopicinvestigation.Thepowderprepared
forX-rayinvestigationwasevacuatedandse~ed ina.fused-quartztube
andheatedat 1200°C for approximately1/2hourto relievethestrain
of cold-workingwhiclzarisesinthepreparationof thepowder.At the
endof theheatingperiodthe-capsuleswerequenched..incoldwater.

Powderspecimensweremountedon cardboardwithcollodion.The
X-raydiffractionpatternwasobtainedinan asymmetricalPhragmen-type
focusingcameraofl+20-centimeterdismeter,usingunfilteredchromium
radiationat 30 kilovoltsand8 milliamperes.Thec&neracoveredan
approxhnaterangeof 6 values.OfY180to 78°. Theprimaryimportance
of thediffractionpatterns”wasidentificationof thephaseswhenthey
occurredalone,or at leastIn a~reciableamountstogetherwithother
phases.Themethodis rather.insensitivein detectingsmallamountsof.
a secondphase. A methodof concentratinga brittlephasefromthealloy
powder,as describedby RideoutandBeck(reference3),wasof consid-
erablehelpin identifyingsmallsmountsof a secondphasein an alpha
matrix,when.microscope.cidentificationwasdoubtful.Thepresenceof -
a smallembu.lit”of a “se”condphase,Intherahgeof 0.1”tm 0.2percentwas
usuallyeasilydetectedmicroscopicauy,but--itsidtitification&s
oftenquite.di~ficult.-...Certainphases“werereco&niz&bleintheas-
polishedcondition“ineither”bright”fieldor oblique=illtiination(see,
e.g.,fig.1). Otherswered&tectedby usingvariousetch6nt:s.The
followingtwo etchi~ reagentsweremost”frequentily~sed:

.

.

—

(1)Thefollowing“etchsmtwasus’edsuccessfu.lly=inthe cobalt-iron-
molybdenumternarysystem:

—

Hydrochloricacid”saturatedwithcupricchloride;rn~rlilitirs.“.. 20”
Ethyl”alcohol,niilliliters. . .“.. . . . . , . . ... . . . . . . . 10

-.
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A stocksolutionof hydrochloricacidsaturatedwithcupricchloride
wasmadeup and keptindefinitelywithoutdeterioration.smallamounts

. of thereagentweremadereadyforetchingpurposesas neededby mixing
withethylalcohol.Thebestresultswereobtainedby applyingthe
etchanton a freshlypreparedsurfaceby swabbingwithcotton.This
etchantwasusefulprbarilyforthe alphaphase,whereit revealed
grainboundaries,annealingtwins,andtrsnsfomnationstriationsandalso
clearlydelineatedsecond-phaseparticles.It alsoattackedthe epsilon
phaseto a certainextent,revealingitsgrainboundaries.Prolonged
etchingrevealedthe characteristicstructureof themu phase. Thisone
etchant,andtheuseof as-polishedsurfaces,was sufficientforall.
microscopicworkinthe cobalt-iron-molybdenumternarysystem.However,
becauseof thepresenceof otherphases,suchas P anddelta,inthe
iron-nickel-molybdenumsystemitwasnecessaryto useadditionaletchants.

(2)Electrolyti~etchingfollowedby stainingwasusedwithsuccess
inthe iron-nickel-molybdenumte~”y systemto distinguishbetweenthe
intermediatephases. Thefollowingelectrolytewasusedunderthe con-
ditionsspecified:

Phosphoricacid,milliliters. . . . . . . . . . . . . . . . . . .
Distilledwater,milJ_iliters. . . . . . . . . . . . . . . . . 9:
Cathode . . . . .“.. . . . . . . . .“.. . . . . . . fiame~s”steel .
Voltage,volts. . . . . . . . . . . . . . . . . . . . . . . . 4t06

. Electrodespacing,inches . . . . . . . . . . .-.. . . . . . lto2
Temperature. . . . . . . . . . . . . . . . . . . . . . . . . . Room
Time,seconds . . . . . . . . . . . . . . . . . . . , . . . . 5t010.

Theelectrolyticetchwasfollowedby immersionfor 30 to 60 secondsin
an alkalinepermanganatesolutionof thefollotingcomposition:

Sodiumhydroxide,grams. . . . . . . . . ... . . . . . . . . . . .10
Potassiumpermanganate,grams . . . . . . . . . . . . . . . . . . S
Distilledwater,milliliters. . . . . . . . . . . . . . . . . . . 100

Theelectrolfiicetchattackedthemu, P, anddeltaphasesvigorously
andthe epsilonandalphaphasesrathermildly. However,uponprolonged
etchinggrainboundaries,transformationstriations,andannealingtwins
inthe alphaphasewererevealed,althoughundersuchconditionsthe
intermediate-phasepsrticlesweretoo stronglyattackedandoftenalto-
getherremoved.Thisetchantwas normallyusedunderlessseverecondi-
tions,wherethemu phasewas stainedto a lighttan color,withthe
grainboundariesrevealed..TheP phaseshoweda varietyof colors
rangingfromgray,green,blue,yellow,andbrownto pink. Thesecolors
werealwaysverybright,thehuevaryingwiththe orientationof the

. P grains(figs.2 and3). Thedeltaphasestainedsomewhatlikethemu
phase,usuallyto a bluish-graycolor,varyingonlyveryslightlywith
orientation(fig.4). Sincethemu and deltaphasesdidnotcoexistin

b
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the system,differentiationbetweenmu andP andbetweendeltaandP was
suff’iclentso thatno difficultyWS encountered.

.

.
Themu,P, anddeltacornersof thethree-phasefieldsalpha,mu,

andP andalpha,.P, an~deltawe.kequit-e-easilydet”emninedby micro-
scopicidentificationalone. Somedifficulties,however,wereencoun-
teredin locatingthealphacornerof thevariousthree-phasefields.
Smallemountsof the.intermediatephasesin an alphamatrixwereindis-
tinguishablefron”eachotherby eitheretchingmethod,althoughinlarger
sizessuchparticleswereeasilyrecognized.Afterthedirectionsof
thetielinesWeredetierminedand-theothertwo cornersof thethree-
phasefieldswereascefiained,thealphacornerscouldbe located.

In the cobalt-iron-molybdenumsyst- theepsilonphasewasmildly
attackedby etchant1, revealinggrainboundaries(fig.5). However,
in a smallregionof theepsilonfield,neartheepsiloncornerof-the
three~phasefieldalpha,mu,andepsilon,the epsilonphaseshoweda
darkstainingeffect(figs.6 and7). Witha sho~etchingtimeit
becamegrayto brown,butuponlongeretchingtheepsilonphaseturned
completelyblack. Thiseffectwasveryusefulin determiningtheloca-
tionof thethree-phasefield.

In boththe cobalt-”iron-molybdenumand iron-niclm?l-molybdenumsys-
temsthealphaphasenearthe ironcornertransformedpartiallyor wholLy
intoepsilonuponquenchhgfrog1200°C to rooiht~erature. TheX-ray
diffractionpatternsof suchquenchedspecimensshowedonlyepsilonor
bothepsilonandalphalines. Itwas,however,possibleto differentiate
microscopicallybetweenepsilon’alreadypresentat-1200°C andthat
formeduponquenching,sincethelattershoweda typicalacicularstruc-
ture. Detailsof themicroscop~methodusedwillbe discussedfurther
below.

EXPERIMENTALRESULTS

ThemicroscopicandX-raydataforthephasesoecurr~ inthe
variousalloyspreparedare shownintablesIIIqnd IV. The isothermal.
sectionsfor1200°C, as shownin figures8 and 9 forthecobal.t=iron-
molybdenumsystemand in figures10 and11 forthe iron-nickel-molybdenum
system,weredrawnon thebasisof theseresults.Mostof theboundary
alloyswere,snalyzedfor chemicalcomposition.The-acid-insoluble
residueinthealloysvari,edbetween0.1and 0.5per-cent.Thecomposi-
tionswererecalculatedon thebasisof a totalof 100-percent-metal
contentandaregiveninthetablesinthisform. Fortheallow not
“chemicallyanalyzedthetablesgivethe intendedcomposition.Itwas
foundthatthedeviationsof the chemicalanalysesfromthe intended
compositionswerevery small.

.

.

*
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Phases

The characteristicsof thevariousphasesoccurringinthealloys
investigatedaredescribedinthefollowingparagraphs.

Alphaphase.-In theternarysystemstheface-centeredcubicalpha
phaseisbasedon thebinarysubstitutionalsolidsolutionsof ironand
nickel,andof ikonandcobalt,respectively,witha certainsmountof
molybdenumin solidsolution.Thealphaphasealloysareductileand
couldbe easilyhot-forgedbeforehomogenizing.Etchant1 wasusedto
bringoutthemicrc@ructurejwhichis typicalof face-centeredcubic
metals,showingequiaxedgrainsaboundingin annealingtwins(fig.12).

The iron-richsolidsolutions,whichhavethe-ace-centeredcubic
alphastructureat 1200°C, partlyor whollytransL rm uponquenching
to roomtemperature.Additionof nickelor cobaltin smallamountsdoes
not suppressthistransformation.Theqicrostructuresof suchspecimens
showcharacteristicacicularstructuresiortransformationstriations
(figs.13 andll). The individualalphagrains,’’.whichexistedat 1200°C,
couldbe recognizedfromthedirectionsof thetransformationstriations.
The grainsarecomparativelymuchlargerforthealloyswhichconsistof
a singlephaseat 1200°C (regardlessof whetheralphaor epsilon)than
forthosewithtwophasesat theannealing~mperature.

TheX-raydiffractionlinesof the epsiloq..phaseare quitesharp
whenthe epsilonphaseexistsat thetemperatureof homogenizationand
is retainedby quenching.Howpver,theepsilonlinesareverybroad
anddiffusewhenthe epsilonphaseis formedpartlyor whollyby trans-
formationfromalphaduringquenching.Theacicularmicrostructureand
thebroadeningof the diffractionlinesallowpositivedistinction
betweenep~ilonformedby transformationuponquenchingandepsilon ‘
presentat 1200°C beforequenching.By meansof thesecriteriathe
alphaphaseboundariesat 1200°C ,couldbe determined.TableV gives
thedatafroma typicalX-raydiffractionpattern-ofthealphaphase.

Epsilonphase.-Inbothternarysystemsthe epsilonphaseisbased
on thebody-centeredcubicsolidsolutionsof molybdenum$n iron.
Althoughalloysof thisphasearequiteductil~in comparisonwiththe
intermediatephases,theyarenot so ductileas thealphaphase. Epsilon
a~oys couldbe usuallyhot-forged.

Themicrostructureof the single-phaseepsilonalloys~~vealed
largee$uiaxedgrains(fig.5). No Widmanst&+enpatterncouldbe
detectedby usingeitheretchant.Thisfactlendsfurthersuppotito”
theviewthattheWidmanst&ttens@ucturespreviouslyfoundintheepsi-

. “ionphasein t~e chromium-cobalt-nickel(reference1),chromium-cobalt-
iron(reference2),andchromium-nickel-molybdenum(feference3) systems
weredueto theprecipitationof the sigmaphase. In the.
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iron-nickel-molybdemm
phasedoesnot coexist

and iron-cobalt-molybdenumsystemsthe sigma
withtheepsilonphase,as it doesin theother

systemsmentioned.TableVI give=thed&a of a typicalX-raydiffrac-
tionpatte~ fortheepsilonphase.

.
—

Mu phase.-Inthisinvestigationitws foundthat-thecomposition
of thecobalt-molybdenummu phasevariedbetweenabout-39and46 percent
cobaltat 1200°C. Thecompositionof the iron-molybdenurimu phasewas
about43 to 47percentiron. HengleinandKohsok(reference5) stated
thatthecolml.t-molybdenummuphase-isisomorphouswiththecorresponding
intermediatephasesinthe iro,n-molybdenum,iron-tungs’ten,and-cobalt-
tungstensystems.In the course.of the investigationof the iron-nickel-
molybdenumsyst-emitwasfoundthatthe iron-molybdenummu phasetooka
certainamountof nickelin solidsolutionandextendedtowardthe
nickel-molybdenumbiria@. ~“the cobalt-iron-molybdenumsystemunlimited
solidvolubilitywasfoundbetweenthe iron-molybdenumati”cobalt-
molybdenummu phases;themu phasefieldrunningapproximatelyparallel
to the iron-cobaltside.

Thecry&il.structureof themu phasecanbe describedas hexagonal
or rhombohedral(reference5). Thedatafora typicalX-raydiffraction
patternof thisphaseappear~ tableVII. —

To revealthemicrostructtieof themu phase,e%chanti2 wasused,
followedby a stainingtretitment.Themu phasehastiverycharact~istic
microstructure(fig.15),whichat a casuslglancecouldgivethe impres-
sionof-atwo-phase.alloy. The samecharacteristicmicrostructurewas
previouslyfoundforthemu phaseinthe chromium-cobalt-molybdenumand
cobalt-nickel-molybdenwsystems(reference3). Certaingrainsare
attackedpreferentiallyby theetchant,dependingon-”theirorientation.
Thealkalinepermanganate.staingivesvariousshadesof lightitodark
tanfo~differentgrainsinthe samespecimen.?3tch~t1 wasusedfor
themu phaseinthecobalt-iron-molybdenumsystem;theactionwas very
slow,buteventually”itbroughtoutthe samecharacteristicstructure
as describedabove. Thisetchantcanbe usedto delineatetheboundaries
of mu-phaseparticlesina matrixof epsilon(fig.16).

Themu phasedidnot.stalnto anyvividcolorswhenitwas ina
matrixof theP phaseorwhenit formedthematrixandthe secondphase
was eitheralphaor epsilon.However,whenthemu wastheminorphase
in a matrixof alpha(fig.17),it stainedt-o~ividbrightcolors,
similarto thoseshownby the%phaBe, and itwasthushardto distin-
guishfromthelatter. In suchcircumstances,X-rayidentificationhsd
to be resortedt~.

Deltaphase.-Thedeltaphasewaspreviouslyreportedto occurin
.

the chromium-nickel-molybdenumandcobalt-nickel-molybdenumsystem
(reference3). In thepresentinvestigat-ionitwasfoundin the u
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iron-nickel-molybdenumsystem.In allthreecasesit isbasedon the
correspondingintermediatephaseof thenickel-molybdenumbinarysystem.

. It isa hardandbrittlephase,althoughapparentlynotquitesobrittle
as theP or themu phase. Microscopicidentificationof thedeltaphase
inthepresenceof P or of alphais notdifficultifthe stain-etching
procedure(2)is used(fig.18).

The crystalstructureof thedeltaphaseis notknown,andthe
diffractionpatternis quitedifferentfromthatof themu phase. The
verylargenumberof linesinthepatternsuggestsa.largeunitcell.
Typicaldiffraction-patterndataforthisphaseappearintableVIII.

P phase.-TheP phasewasfirstdiscovered(reference3) as a ter-
naryphaseinthe1200°C isothermalsectionof the chromium-nickel-
molybdenumsystem;it is notknownto existin anyof thebinarysystems
involved.In the courseof thisinvestigationa ternaryphaseof the
seinestructurewasfoundto occuralsointhe1200°C sectionof the
iron-nickel-molybdenumsystemina mirrowrangeof compositionsbetween
themu anddeltaphases.Etchant2 wasusedforthe identificationof
thisphase. It stainedto brillianthuesvaryingfromgray-blue,blue,
yellow,andgreento pink. Thegreatestcoloreffectis observedwhen
theP phaseoccurstogetherwithotherphases(fig.3). Thegreatvari-
ationof shadingandhue of the staininadjacentgrainsof the same
phasemaybe attributedto an orientationeffect.

.
TheX-raydiffractionpatternof thisphasewas recentlypublished

(reference10). Thecrystalstructurehasnotbeendetermined.TableIX
givesthedatafroma typicalX-raydiffractionpatternof theP phase.

Z phase.-&men andBeck(reference2) founda setof unidentified
lines.,occurringalwaysin a group,inthepatternsof certainalpha
alloysof the quaternarycobalt-chromium-iron-nickelsystem.Thelines
appearedonlywhenthepowderwaspreparedfortheX-raydiffraction
workby filing.Uponpreparingthepowderby crushing,the linesnever
appeared.No microscopicevidenceof thisphasewas ever observed.The
followingalloysinthe iron-nickel-molybdenumternarysystemshowedthe
linesof the Z phase: 702,701,704,705,706,and707. Ltiesobsened
in theabovealloysconsistedof alphaandZ linesonly. Thediffrac-
~ionlinesof the Z phaseare shownintableX. As identifiedmicro-
scopically,therewereappreciableamountsof themu,P, anddeltaphases
presentinthesealloys,but intheX-raydiffractionpatternsobtained
fromfiledpowdersthelinesof theseintermediatephaseswerenotfound.
ThenX-raydiffractionpowderssmpleswerepreparedby crushingthe
alloys;the intermediate-phaselinesappearedinaccordancewiththe
microstructure,witha completeabsenceOY theZ phaselines. In an

. attemptto identifythe Z phase,diffractionpatternswereyreparedfrom
thefollowingmaterials:(a)A powdersampleof thefileusedforfiling
thealloysin question;(b)a powdersampleof a nickel-molybdenumbeta

.
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phasealloy,28 percentnmlybdenumplus72
8000C forI week;and (c)a powdersample
gammaphase,35percent-molybden~plus65

NACATN

percentnickel,annealed
of thenickel-molybdenum
percentrnickel,annealed

2896

at

at
8000C for1 week. Noneof’thesediffraction?aatternscontainedthe
Z phaselines;theoriginof theselinesrema~edobecure.

PhaseDiagrams

Cobalt-iron-molybdenumternarysystemat 1200°C.-The1200°C
isothermalsectionof the cobalt-iron-molybdenumta?narysystem(fig.8)
is drawnin accordancewiththedatagivenintableIII. The samephase
dia~am is showninfigure9, togetherwiththealloycompositionsused.
Sincethepurposeof thisinvest-igationwasto determinetheboundaries
of theface-centeredalphasolidsolutionsandof thephasesnearestto
thesesolidsolutions,thehighestpercentageof molybdenumusedwas “
62percent.Thehighest=molybdenum-containingalloyswere neededin
orderto findthehigh-molybdenumboundaryof themu phase. The iron-
molybdenumbinarydiagrsm(reference4, p. 1210)is known(referenceI-1)
to havea sigmaphaseat about63percentmolybdenum,ina narrowcompo-
sitionrange. However,sincethisphasedoesnotcoexistwiththealpha
solidsolutionsati1200°C, itsboundariesintheternarysystemswere
not investigated.

Withintheternarycompositionrangecoveredinthepresentwork,
thephasesfoundat 1200°C were thosethatoccurinthebinarysystems
concerned,namely,theface-centeredcubicalphaphase,basedon the
solidsolutionsof ironandcobalt,thebody-centeredcubicepsilon
solidsolutionsofmolybdenumand iron,andthemu phase.

Thealphaphaseisboundedby the cobalti-ironbinarysystem;on the
iron-molybdenumsideit etiendsfromthe &on cornerto 2.0percent
molybdenumandon thecobalt-molybdenumside,fromthecobaltcornerto
22.5percentmolybdenum.Theternaryalphasolidsol-utionsarebounded
by two slightlyconcavelinesmeetingat thepoint58.6percent iron,
17.0percentmolybdenum,and24.4percentcobalt,whichisth-pha
cornerof thealpha-mu-epsilonthree-phasefield.

The epsilonphasefieldextendsalongthe iron-molybdenumbinary
systemfrom4 to 21 perceritmolybdenum,and it terminatesat theepsilon
cornerof thealpha-mu-epsilonthree-phasefieldat 60percentiron,
19percentmolybdenum,and21 percentcobalt.

Themu phasefieldextendsfromthe iron-molybdentisideto the
cobalt-molybdenumside,approximatelyparallelto thecobalt-ironbound-
ary. The mu cornerof thealpha-mu-epsilonthree-plww!efieldis at
approxktely 29.4percent-iron,=.6 percentimolybdenum,and19.0per-
centcobalt.
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.
Thealphaphase

Id

coexistswiththeepsilonphaseina curvednarrow
two-phasef~eld-andwiththemu phaseal&g a widetwo-phasefield.

. Epsilonandmu coexistwitheachotherovera comparativelywiderange
of compositions.Allthethreephasescoexistin a longandnarrow
three-phasefield. Thealphaandepsiloncornersof thethree-phase
fieldas wellas bothboundariesof thealpha-epsilontwo-phasefield
hadto be determinedentirelyby microscopicmethods;X-rayinvestiga-
tioninthisregionfailedbecauseof thetransformationof the alpha
phaseintoepsilonuponquenchingto roomtemperature.However,micro-
scopicallythetransformedalphagrainscouldbe easilydistinguished
fromtheepsilongrains,whichre~inedunchangeduponquenchingfrom
1200°C to roomtemperature(figs.5, 14,19,and20). Eveninthe
presenceof largeamountsof themu phase,whenthe alphaandepsilon
grainswereverysmall,thealphagrainswererecognizedby their
roughenedappearanceuponetchingwiththereagent1, whiletheepsilon
grainsweresmooth.

Determinationof themu cornerof thethree-phasefieldwas carried
outby a combinationof threedifferentmethods.A fewalloyscon-
tainingappreciablesnountsofmu werestudiedmicroscopically,butthis
methodgaveonlya roughapproximation,becauseof thedifficultyof
microscopicdistinctionbetweenthealphaand epsilonphaseswhenthey
werepresentin smallsmqunts.Formoreaccuratedetermination,the
d spacingscalculatedfromthetwenty-ninthline(tableVII)of the

. saturatedmu phaseboundaryslloyswereplottedagainstthe cobaltcon-
tent. (Seefig.21,datatitableXI.) Abreak tithe curveofparsm-
eteragainstcompositionwasfoundat 19 percentcobalt.Verification
of thisresultwasobtainedby determiningthe d valueforthe ssme
diffractionlinewithalloy852,whichwasmicroscopicallyfoundto con-
tainallthreephases. This d valueturnedoutto be verynearlythe
sameas thatobtainedat 19 percentcobaltin theabovecurve,indicating
thatthispointis at themu cornerof thethree-phasefield. TableXII
showsthevariationtithalloycompositionof the latticeparameterof
the saturatedternaryalphaphase. Theresultsobtainedfromalloys745
and800arenotveryreliablebecauseof partialtransformation.It is
seenthatalongtheboundarytheunitceld.expandsas the cobaltcontent
decreases.

W general,thepresentdataare quiteconsistentwiththepublished
dataforthebinarysystems,althoughtherearesomeminordiscrepancies.
Themu phasefieldinthe cobalt-molybdenumsystemwas foundto extend
fromabout39 to 46 percentcobalt,ratherthanfrom38 to 44 percent,
as givenby Sykesmd Graff(reference6). Similarly,inthe iron-
molybdeninnsystemthemu phasewas reportedto extendfromabout54 to
55 percentmolybdenum,whilethelimitsestablishedinthepresentwork
are52.5to ~ percentmolybdenum.Thevolubilitylimitof molybdenum
in epsilonat 1200°C waspreviouslysetat about19 percent,and it is
nowdeterminedto about21 percentmolybdenum.The130@ C isothermal.
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sectionof the iron-cobslt-molybdenumsystempubllsh-edby K6sterandTonn
(reference9) givessomewhathighersolubilit.iesfofmolybdenuminboth
alphaandepsilonthanthosefoundinthepresentw~i?kfor1200°C.
Thisdifferencemaywe~ be dueto the increasein~olubtiitywith
increasingtemperature.K6sterandTonn’sdiagramplacesthe-mucorner
of thethree-phasefieldat about–6percentcobalt,““incontrastwith
19 percentcobaltfoundforthiscornerpointin thepresentwork.

._

.

Iron-nickel-molybdenumternarysystemat 1%30°C.-The1200°C iso-
thermalsectionof the iron-nickel-molybdenumternsrysystem,as drawn
fromthedataintableIV,ispresentedinfigure10. The samephase
boundariestogether.withthe conipositionsof theatioysusedinthis -
investigation.areplottedin figure11. Here,too,as inthe iron-cobal&=–
molybdenumsystem,onlytheboundariesof thealpha“solidsolutionsand
of thephasesadjacentto alphawereinvestigated;thehighestpercentage
of molybdenumusedwas64.5percent.The followi~-single-phase,two-
phase,andthree-phasefieldsoccurandweredeterminedin thecourseof
thisinvestigation:

Single-phasefields:Alpha,epsilon,mu,P,
Two-phasefields:Alphaplusepsilon,alpha
alphaplusdelta,epsilonplusmu,mu plus

Three-phasefields:Alphaplusepsilonplus
P, andalphaplusP plusdelta

. .

anddelta
plusIIIUJalphaplusP>
P,.andP plusdelta
mu, alphaplusmu plus.—

Thealphaphasefield,whichisthemostextenf_ive,isbasedon the
.

austeniticsolidsolutionsof ironandnickel,whichareuni.nterru@ed
at 12000C. ThemaximumamountofmolybdenumgoingInto.6olution in
thisphase..wasfoundto be .35.5weight.percentat thenickel-molybdenum
binaryedge. Theminimumof 2.0percentmolybdenum-isat the iron-
molybdenumside. Iiithe1200°C teriui~-sectiontheboundaryconsists

—

of: (1)An almost-straightline,separatingthealphafieldfromalpha-
plus-epsilonfieldandterminatingat 72.7percent.&on,15.7percent
molybdenum,andIIL.6percentnickel(alp@ cor& o&alpha-plus-epsilon-
plus-muthree-phasefield)j(2)a concave”linefromthiscornerpointto
thealphacornerof thealpha-plus-mu-plus-Pthree-~~asefieldat approxi-
mately16 percentiron,28.5percentmolybdenum,and”55.5percentnickel;
and (3)a concavelinefromthelatterpointitothebinarynickel-
molybdenmvolubilitylimitat about35.5percent”mo~ybdenum.

-.
In this

ternarysystem,as inthecobalt-iron-molybdenumsystem,thealphaphase
alloysneartheepsilonphasefieldtransformedinto-epskn phaseupon

.-

quenchingfrom1200°C to room.temperat.ure.The120.Q0C phas~boundaries
wereagaindetermined_bythemicroscopic.methodde,scfibedaboveIn con-
nectionwiththe cobalt-iron-molybdenumsystem.

At 1200°C theepsilon.phase-extendsfromthebinaryiron-molybdenum
ferriticsolidsolutions.(from4 to 21 percentmolybdenum)to theepsilon
cornerof thealpha-mu-epsilon.three-phasefield,tentativelyindicated
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.
at 8 percentnickel,71 percentiron,and21 percentmolybdenum.
probablethatthiscornerpointis actuallylocatedat a somewhat

. molybdenumcontent.

13

It iS
higher

Themu phase,basedon the interme-iiatephasein the iron-molybdenum
system,penetratesdeepintotheternarysystemup to a maximumnickel
contentof about19.4percent,whilethe ironcontentdecreasesto about
23 percent.The elongatedmu phasefieldis approxhatelyparaU.elto
the iron-nickelsideof thediagram.Ls nickelis substitutedfor iron
in formingthemu phase,thelatticeof the latterexpands. (See
tableXIII.) Uponfurtheradditionof nickelinplaceof iron,themu
phaseterminatessadP beginsto form. Thisis a ternaryphaseprevi-
ouslyreported(references3 and10)to occurin the chromium-nickel-
molybdenumsystemalsoas a ternaryphase. Whenthenickel-ironratio
is furtherincreased,theP phaseis replacedby delta,basedon the
intermediatephasein thebinarymol..ybdenun-nickelsystem,whichcm dis-
solvea msximumof only8.5percentiron. Themu,P, anddeltaphases,
togetherwiththetwotwo-phasefieldsbetweenthem,occupya narrowstrip
running roughlyparsllelto thenickel-ironedgeof theternarydiagrszn,
somewhatas theuninterruptedmu phasefielddoesin thecobalt.iron-
molybdenumsystem.

Allthreeintermediatephasesarehardandbrittle,deltaapparently
beingtheleastbrittleof thethree. Theirharnessesappearto be of

. aboutthe sameorder,sinceno reliefeffectwas observedin theas-
polishedconditionbetweeneitherP andmu or P and delta.

Thelocationof themu cornerof thealpha-mu-epsilonthree-phase
fieldwasverifiedby plottingthe d spacingof line29 (tableVII)
forthe saturatedalloysat the low-molybdenumboundaryof themu phase
againstthenickel.content(fig.22,tableXIV). A breakin the curve
appearsat 5 percentnickel~correspondingto thethree-phase-field
corner,as locatedmicroscopically.TableXIIIshowsthatforthe alpha
alloyssaturatedwithmolybdenumthereis a generaltendencyforlattice
shrinkagewithdecreasingnickelcontent.TheX-raydiffractionpatterns
of alloys801,802,and838,and of allalloyswithlowernickelcontent,
had onlyepsilonlines,whilethepatternsof alloys723and722hada
mixtureof alphaandepsilonlines. It is clearthatthelatticeparsm-
eterof thealphaphasearoundthe ironcornercannotbe determinedby
room-temperatureX-raydiffractionwork. Consequently,thealphacorner
of thealpha-epsilon-muthree-phasefieldcouldnotbe checkedby X-ray
diffraction.Becauseof the msll nuniberof availablealphaboundary
alloys,in determiningthealphacornersof the othertwothree-phase
fieldsonlythemicroscopicmethodcouldbe used. TableXV givesthe
locationof the cornersof thethree-phasefields.

.
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DISCUSSION
.

Fromthepointof viewof usefulapplicationto high-temperature
alloys,theface-centeredcubicelpha(austenitic)solid-solut-ionfield
is of thegreatestimportance.It is seenin figures8 and10 that-the
additionof irondecreasesthevolubilityof molybdenuminboththe
molybdenum-cobaltalphaandmolybdenum-nicke”lalph—phases.However,
uninterruptedausteniticsolid-solutionfieldsexist–at12000C inboth
ternaryphasediagramsallthewayto the ironcorner.The volubility
of molybdenumintheausteniticsolid.solutionsis l“imitednearthe iron
cornerby equilibriumwiththebody-centeredcubicepsilonphase(fer-
rite). Also,inbothternarydiagrsmsnearthealpha-plus-epsilontwo-
phasefieldthealphasolidsolutionstransformwhollyorpartiallyinto
theepsilonphaseuponquenchingfrom120(?0C lm rmm temperature.Such
alloysgiveroom-t-~eratureX-raydiffractionpatternsconsistingof
theepsilonor theepsilonandalphalines. Themicroscopicmethod
describedin a previoussectionis,however,capableof detectingthe
conditionsexistingat12000C beforequenching.Thisispossible
becauseof theoccurrenceof characteristicaciculartransformation
structuresin alloyswhichconsistof alphaat 1200°C buttransform
uponquenching.Theapproximate-~angesof thealp~solid-solution
fields,wherethistransformationoccurs,aremarked“A”Inbothphase
diagrams(figs.8 and10).

Theresultsobtainedinthepresentinvestigationforthe tion-
molybdenum-cobs.ltsystem(fig.8) agreereasonablywellwiththose
obtainedby K&ter andTonn(reference9); thegeneralfeaturesof the
twoternaryphasediagramsarethe same. Differencesinthelocations
of theboundariesmightbe a resultof’thefactthattheboundariesin
thepresentinvestigationweredeterminedfor1200°C, whileK6sterand
Tonn’sinvestigationgavetheboundariesat 1300°C.

The iron-nichl-molybdenumternarydiagramobtafiedinthepresent–
investigationis considerablydifferentfromthediagjrsmpublishedby
Kdster(reference8). K&.ter’sdiagramindicateaa continuoussefies
of solidsolutionsbetweenthe iron-molybdenumandthenickel-molybdenum
intermediatephasesnextto the ironandnickelcorners,respectively,
of thediagram.Ithasbeenlmown,however,frommorerecentwork
(reference3) thatthesetwobinaryintermediatephasesarenot lsomor-
phous;consequently,itwasexpectedthattheywillnot-~orma continuous
seriesof solidsolutions.Inthepresentinve-stigationitwasfound
tha~the iron-molybdenummu phasedoesnotevencoexistwiththenickel-
molybdernrmdeltaphase. Thetwoare separatedby a t&rnaryphase,iso-
morphouswiththeternaryP phasepreviouslyidentifiedinthechromium-
nickel-molybdenumsystem.TheternaryP phaseinbothsyst-emshasa
relativelysmallcoiaposit-ionrange. It is quitepossibl+however,that
thesetwo isomorphousternaryphasesforma narrowbut continuousfield
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.
of solidsolutionsinthe quat-&maryiron-chromium-nickel-molybdenum
system,exbendingfromthe iron-nickel-molybdenumP to thechromium-
nickel-molybdenumP phase. Suchquaternarya~oys havenotbeeninves-
tigatedinthepresentwork.

It wasreportedpreviously(reference10)thatvariousintermediate
phasessuchas mu and sigma,inbinaryandternaryalloysof thetransi-
tionelements,maybe ascribedrathercharacteristicrangesof electron
vacancyconcentrationinthe 3d sub-band.Theelectronvacancyconcen-
tration~ for single-phasealloyswas calculatedfromthe ~ values
of thecomponentson theassumptionof simpleadditivity,accordingto:

Nv = 4.66(Cr+Mo) + 2.66(Fe)+1.71(co)+ 0.61(Ni)’ (1)

or

Nv = 5.6(Mo)+4.66(Cr)+ 2.66(Fe)+ 1.71(Co)+ 0.61(Ni) (2)

wherethe chemicalsymbolsstandfortheatomicfractionsof the corre-
spondingmetalsinthealloyandthenumericalcoefficientsarethe Nv

valuesfortheelements,as givenby Paulingin reference12 (except. formolybdenum).Equation(1)isbasedon theassumptionthatthenum-
ber of electronvacanciescontributedto thealloyby the ~ sub-band
of molybdenumis the sameas thatcontributedby the 3d sub-bandof
chromium,namely,4.66. Inthepreviousw6rk (reference10),better
alinementof the si~ phasefieldsinthe cobslt-chromium-m’olybdenum.
andnickel-chromium-molybdenumsystemswiththelinesof constantelec-
tronvacancyconcentrationwas obtainedby ascribingto molybdenuman
electronvacancynumberof 5.6,as in equation(2). b thefollowing
paragraphstheelectronvacancyconsiderationsareappliedto the inter-
mediatephasesin theternarysystemsinvestigatedinthepresentwork.

The si~ phasewas reportedby Goldschmidtto occurat hightem-
peraturesinboththe cobalt-molybdenum(reference13)andthe iron-
molybdenum(reference11)systens.Assumingthatthe cobalt-molybdenum
sigmais identicalwiththeetaphaseof SykesandGraff(reference6)
andthatthe iron-molybdenumsigmais identicalwithzetainthe current
iron-molybdenumphasediagram(reference4),the ~ valuescsmbe
calculatedandcomparedwiththoseobtainedfor si@a in othersystems.
The ~ valuesobtainedfromequation(2),namely,4.10and4.13,
respectively,aremuchhigherthantheaverageof 3.4to 3.5for sigma
in othersystems.However,equation(1)gives ~ = 3.52 forthe
cobalt-molybdenumsigmaand Nv = 3.66 forthe iron-molybdenumsigma.
Thelattercanbe broughtintostillbetteragreemeritwiththeusual
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range,if an Nv valueof 2.22 is acceptedforiron,correspondingto
magneticsaturationmeasurements,insteadof Nv = 2.66,as givenby
Pauling(reference12). Thisgives ~ = 3.4-4forthe iron-molybdenum
sigJrla.Figure23 shows“equ.ivacancy”linesforthe cobalt-iron-molybdenum
system,drawnOn thebasisofitheabovevaluesformolybdenumand iron.
It is seenthatboththedash-dotlineconnectingthetwobinarysigma
compositions(presumablyrepresentingthe s@ma solid-solutionfield
whichmayexistaboveabout1250°C) andthemu phasef.leldarereason-
ablywellalinedwiththeseequivacancylines.

.

.

In thecobalt-nickel-molybdenumand iron-nickel-molybdenumsystems
theelongatedmu phasefieldsgiveverypooralinementwithth*eqti-
vacancylinesdrawnaccordingto eithereqgation(1)or eqmtion (2).
Goodalinementcanbe obtainedwithequation(l),ifthe Nv valuefor
nickelis changedfrom0.61to about1.6,as showninfigures24 and25.
The selectionof thisvalueforthe sakeof thesetwophasediagrams
alonemight-beconsideredunjustified,particularlysincethesaturation
valueof themagneticmomentcorrespondsto 0.61. However,it appears
thatwith Nv = 1.6 thealinemen~ofthe sigmaphaseinthecobslt-
nickel-chromiumsystem(reference10) isalsoconsiderablyimproved
(rig.26). Furthermore,withthe Nv valueof 1.6fornickel,the
compositionrange.of..thevanadium-nickelsi~ phase,55 to 65 at-omit
percentvanadium,as determinedby Pearson;Christi~,.mdHume-Rothery
(reference14),gives.- ~ rangeof 3.28to 3.59J.wh.ichis IQ good
agreement-withthat-forothersigmaphases. Itwas.reportedpreviously
(reference10)thattheelectronvacancyconcentrationforthisphase,
calculatedwith Nv = 0.61 fornickel,wasunaccountablylow. h
interestingcorollaryof thesefindingsisthefacbthatithemagnetic
momentfornickelintheparamagneticcondition,ascalculatedfromthe
Curieconstant,is reportedto he 1.6BOhrmagnetonsperatom(refer-
ence15),in agreementwiththeialuededtic&dabove.

—

.

CONCLUSIONS

A surveyat 1200°C o&portionsofltheiron-nickel-molybdenumand
cobalt=iron-molybdenumternarysystemsindicatedthefollowingconclu-
sions: .

1. The1200°C isothermalsectionofthe cobslt-iron-molybdenum
ternarysystemwas Investigatedupto 62 percentimolybdenumby meansof
X-raydiffractionandmicroscopicmethods,using5’j’vacuum-melteda310ys.
Theface-centeredcubicalphasolidsolutions,basedon theaustenitic
iron-cobaltbinaryphase,dissolveup to 22.5percentmolybdenumnear

.
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.
the cobaltcorner.The volubilityof molybdenumdecreasesto about
2 percentnearthe ironcorner.Nearthe ironcornerthealphaphase
transformsto epsilonuponquenchingfrom12000 C to roomtemperature..

Thebody-centeredcubicepsilonphase,basedon thebinaryiron-
molybdenumferrite,etiendsin theformof a trim-r fieldto 21 Per-
centcobaltand19 percentmolybdenum.The isomorphousbinaryinter-
mediatephasescobalt-molybdenummu and iron-molybdenummu formuninter-
ruptedsolidsolutions.Theelongatedmu phasefieldetiendsroughly
parallelto the iron-cobaltsideof thediagram.Thealpha,epsilon,
andmu phasescoexistwitheachotherinthreetwo-phasefieldsand in
a verynarrowthree-phasefield.

2. The 1200°C isothermalsectionof the iron-nickel-molybdenum
ternarysystemwas investigatedup to 64.5percentmolybdenumby means
of X-raydiffractionandmicroscopicmethodsusing105vacuum-melted
alloys. Theface-centeredcubicalphaphasefield,basedon theausten-
iticiron-nickelbinarysolidsolutions,takesintosolutionup to
35.5percentmolybdenumnearthenickelcorner.The volubilityof
molybdenumdecreasesto 2 percentnearthe ironcorner. In thisarea
theaustenitetransformsintoferriteuponquenchingfrom1200°C to
roomtemperature.

.
Thebody-centeredcubicepsilonphase,basedon binaryiron-

molybdenumferrite,occupiesa triangularfieldto the cornerapproxi-
matelycorrespondingto 8 percentnickeland 21 percentmolybdenum.The
mu phasefieldextendsintheformof a narrowstriP~rou@Y Parall~
to the iron-nickelsideof thediagram,up to 19.4percentnickel.The
deltafield,basedon thenickel-molybdenmintermediatephase,etiends
to 8.5percentiron. BetweenthesetwophasestheternaryP phaseoccu-
piesa smallrangeof compositions.Thethreephasesmu,P, anddelta
occupya narrowstrip,onlyslightlyinclinedwithrespectto the iron-
nickelsideof thediagram.ThefolJ-owingthree-phasefieldsexist:
(1)Alpha,epsilon,andmu, (2)alpha,mu, andP, and (3)alpha,P, and
delta. Thetwo-phasefieldsin the investigatedportionof the diagram
areas fo~ows: (a)Alphaandepsilon,(b)alphaandmu, (c)mu and
epsilon,(d)alphaandP, (e)mu andP, (f)deltaandalpha,and (g)P
and delta.

Universityof Notrehe
NotreDame,Ind.,January1, 1952
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TABLEI —

LOTANALYSESINWEIGHTPERCENTOFMETALSUSED

FOR-=AR~G ALLOYS

Element cobalt Molybdenum
Electrolytic-

or
compound rondelles rod Iron Nickel

c 0.17 0.003 0.010 ----------

CaO .12 ----- ----- ----------
.

cGl Bal. ----- ----- 0.6to 0.8

Cr ----- ----- <.015 ----------

Cu .02 ----- <.03 .01

Fe .L2 .005 Bal. .01

%?
----- ----- ----- ----------

.04 ----- ----- ----------

Mn .06 ----- .01 ---.------

Mo ----- Bal. .015 ----------

Ni .46 ----- <.03 Bal.

02 ----- .003 ----- ----------

P ---.- ----- .003 ----------

s .009 ----- .002 .001

Sioz .13 ----- ●03 ----------

.-

.

___

.
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TABLErr

CRUCIBLESUSEDFORMELTINGVARIOUSALLOYS
.

Stabilized Recrystallized
zirconia Alundum alumina

801to 819 647to 64SI 693to 695

658to 660 698to 706

784 to 800 709to 713

716to 783

820to 864
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TABL3111

MICROSCOPICANDX-RAYDATAFORCOBALT-IRON—MOLYBDENUMAILOYS

J&taforfigs.8and~

Estinbatedammnts(!omposition
(weightpsrcent) ofphases

KLloy (percent) Annealingtifnksa
X-ray at’1200°C

Second (hr)
c% Fe Mo AlphaEpsilonMu phase

AlphaSJ.1.oye

432 79.0 21.0 100
693 19.8 7:.0

0 0 0 Alpha g
10.2 100 0 0 0 Epsilon

7k2 26.0 64.0 10.0 100 0 0 0 Epsilon 48
743 34.0 56.0 10.0 10Q o 0 0 Epsilon 48
789 36.0 56.0 8.o 100 0 0 0
79 38.0 S.o 6.0 mo

Epsilon 4a
o 0 0 Epsilon.

791 &: ::.: 16.0 103 0 0 0 Alpha %
792 18.0 103 0 0 0 Alpha 48
799 39:0 45:0 16.0 100 0 0 0 Alphaandepsilon 48
800 44.0 40.0
%22

16.0 100 0 0 0 Alphaandepsilon 48
19.1070.4410.46100

b834 o
0 0 0 Epsilon 48

g8.75 1.25 100 0 0 0 Epsilon 48

Epsilonalloys

b694 16.5670.3413.10 0 100 0 0
b788 o

Epsilon 48

b835
80.161;.:: o 100 0 0 EpsK1.On 48

0
b841

100 0 0 EpsiLOn 48
1;.87 %; 17:74 0 100 0 0 EpsilQn 48

Alpha-plus-epsilonalloys

820 17.2 70.0 12.8 80 0 0
8ZL 18.0

Epsilon

b842
70.0 12.0 E 20 0 0 Epsilon E

23.0560.5216.43 75 25 0 0 EpsSLon 48

Mu tiOyS

610. 0 46.6 53.4 0 0 lm o Mu *
637 10.054.0 36.0 0 0 100 0 Mu s
638 18.0 25.0 57.0 0 0 la) o w 96
639 30.0 1$: 58.5 0 0 100 0 Mu %
795 ~.Q 52.5 0 0 100 0 96

9.4 35:1
Mu

7* 55.5 0 0 mo o Mu
797 21.0 26.0 53.0 0 0 100 0 Mu 2
798 33.2 12.4 54.4 0 0 lca o Mu *
83o LS.o o 0 mo o s

“4:.0 :2:: 0
Mu

843 0 0 100 0 Mu *
. -. /

a~oysforgedpriartoannealingwereImzogentzedforonly48 hr;theothersuere
annealedfor% hr.

.

—
.

.
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T.AK.LEIII.- Concluded

MICROSCOPICAltoX-RAYDATAFORCOBALT-mOFWKILYSmNUMAIL(JYS- (h~dllded

Corupot3ition
Estirc.atedSmounts

(weightpercent) ofphases
Alloy (percent) lulneelingtilua

X-ray at1.2@3°G
second (h)

co Fe Ma AlphaEpsilonMu phase

Epsilon-pma-mualloys

718 10.066.024.0 0 % o Epsilonendmu $%
719 15.144.9ho.o o 40 2 0 Epsilonandmu 96
720 14.34s.7 40.0 0 60 0
737 6.054.040.0 0

Epsilonandm 96
E 60 0

%%6 20.1760.3119.520 gg 1 0
Epsilonendmu ti

Epsilon !%b8261(I.1770.2419.590 99.5 .5 0
b829 o

Epsilon 48
78.1921.810 0 li@sKLon 48

831 10.050.040.0 0 E ~ o Epsilonandmu
832 12.547.540.0 0 40
%47 o

0 Ep3110nsmdmu g
48.7351.270 2 96 0 Mu

Alpti-plus-mualloys

b39977.080 22.9298 0 2 0 Alpha 48
695 54.026.020.0 0

Z1
3 0 Alpha

716 26.048.026.0
48

0 0 Epsilonandmu *
738 26.030.044.0 20 0 2 0
739 40.014.0 46.0 18

Epsilonsd mu *
o 82 0 !dpbaandP

744 40.0 40.0 20.0 !%
g

o k o Alphaandepsilon
745 47.033.020.0 g o 3 0 48
747 23.150.326.6 80
748 Y.O zk.o45.0 ~

o 0 EJ%&xi m 5$
0 %’ o Alphaandmu

749 35.019.046.0I-8 o 82 0 AlphaSan&p
793 28.028.044.0 20

*
o 0 AlphaSIBlIziJ. S6

794 30.026.044.0 20 0 E o Alpha,epsilon,eI&,IIOJ gb823 38.7643.2617.S6 9.5 : .5 0 Alphaandepsilon.
b824 53.8828.2017.921~ Trace o Alpha 48
b&5 63.9516.2219.83100 0 Trace o Alpha 48
b82825.0156.321.8.6797 0 0 Epsilon 4%
849 22.0W.o 51.0 2 0 & o Mu
850 33.015.o52.0 2

96
0 : 0 Mu

%51 47.I.8o
!%

52.82
853 23.540.536.0 4.2

0 0 Mu *
o 55 0 Epsilonatimu !%

Alpha-plus-epsilon-plus-alloys

b717 20.8151-.8927.34g g 2: 0
827 22.059.019.0

Eps5.lonendm g
o Epsflon

852 21.o43.036.0 30 15 55 0 Epsilonmd mu 96

MuandsecondphaseofhigherMo

b6u 38.330 61.67 0 0 9S 2 Mu
845 25.015.060.0 0

96

b848 o
0 99 1 Mu

42.15q’.85 0
!%

o 98 2 Mu *

aldloysforgedpriortosmnaalingwerehomogenizedforonlyk.8br;theotherswere
annealedfor~ h.

~bCompositionisbychemicalanalysis.
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TA2L2IV

MICROSCOPIC!ANDX-RAYIlA5?AFORINON-NICKE3.-MOLY2D2JILU4ALLOYS

[Yta for figs. 10andIii
—.

Estim.ted.amounts
(.%%%%% ) of plmsea

Alloy (percent) -U ts=
X-ray Etl.x@c

Fe Ni Necond (hr)
Mo Alpha @ailonm P Delta plume

Alphaelloya

400 0 65.0 35.0 lm o 0 “o o 0 Alpha 48

% ;::0 ‘?:&
16.0 100 0 0 0 0 0 Alpha 48

lca o 0 0 0 0
%73 ;:.:; 8.@ lw 100 0 0 0 0 0

Epsilon 48

%7& . y.? 2;.? 100 0 : 0 0 :
I!psilon
Alph8 %

lcm
E:: U:o 9:0 lm

o 0 0 Epsilon k8
802 0 0 0 0 0
WI 25.0 51.0

5psi10n
24.0 100 0 0 0 0 0 Alpha

61.0
E

b;: 29.5 100
2:;5 o

0 0 0 0 0 Alpha
1.25 lfxl o 0 0 0 0

839
EpBilon :

25.0 50.0 25.0 100 0 0 0 0 0
840

Alpha 48
16.~ 56.5 27.4 100 0 0 0 0 0 NPha 48

Epsilonalloys

721 78.o 6.0 16.0 0 100 0 0 0 0 2psi10n w
~$ SQ:g :.01 7.80 ; ;: ; ; ; ; 2psilun 48

1~.~h
o

Epallon
103 0 0 E

::? ;.0 “
o 0

836 17.5
Epnilon

o lCQ o 0 0 0
837

2psil.On 48
74.0 19.0 0 KU o 0 0 0

854 ;::
Epsilon 48

72.5 20.5 0 103 0 0 0 0 2p8i10n 48

Mu.9UOys

b& 46.6 0 53.b o 0 100 0 0 0 Mu *
b660 34.69 9.8955.k2 o 0 lCX)o 0 0 Mu

a.g4 15.0856.g9 o
qm& 30.8212.9555.23 0

0 lm o 0 0 Mu !%
o lCO o 0 0 Mu 96

24.7917.L5 5$.; o 0 lW o 0 0 Mu %
40.5” 5.0

+?:
o 0 loo 0 0 0 Mu #

32.I.610.I.25J:~ o 0
819 40.5 5.5

m o 0 0 Mu *
o 0 100 0 0 0

55:0 0
Mu

843 44.0 0 0 100 0 0 0
858

Mu $
25.5 15.0 59.5 0 0 100 0 0 0

859
Ml *

24.5 15.0 6.5 0 0 KN) o 0 0 Mu 9$

Alpha-plus-epsilonelloys

y: ;:: l;:y j:: g ~ : : :. ;E
2pBi10n
2psilon R

%6 ;;:g $:; ::: * g : ; : :
Epsilon 48
Epsilon 48

15 0 0
76:0 8:0 $::

0
817

EpsIlon 48
m 80 0 0 0 0 2psllon 48

Gs :::1 $}
xl 50 0 0 0 0 meilon 48

15:95 10 0 0 0 2PSI1OII 48
19.5 R m o 0 : 0 2pni10n 48

aAlloy8forgedpriortoanneallngwetehmo@nVz.edforonly# Ixr;theothersmreenne81edfor
g6hr.

b_SitiOU iSbydleIuideIlfdySiS. =%=’

.

.

.

.
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TAEL2Iv.-C!entimmd

MmRo=oPIcMD x-w DAmPm moH-EIcmL—xoLYmzn’mlALLoYs-Ccmtinued

C-B Ition E.9thatedamlnultm
(veightpercent) of phases

Auoy (p-cent) AnnnallLot&
x-my

(h)
Fe Hi lb Npb.aEp6Um Mu P hl.ta~-:

Alpha-plus-muIlllOYE

39.0
16.L?
16.03
ls.w
19.0
$.?

X):O
43.@
47.0
42.0
k7.0

53.07
56.27
Zo.zi
u .0
52.5
V.o

;
!33
50
w
97z
45
10
40
30
35
25
35
25
M
40
20
20
7?
5
2

2
!5s

J

o
0
0
0
0
0
0c?
o
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

—
o
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

—

o
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Es
Alphaad ml
Alphaami!m
N#aanrimu

AlphEandepsilon
l+baaileps~n

Alpha
Alpbll
Aw=

Alpbaalriml
N@amb3.ml
-~=
w~=
NF&miluu
Al@Lmfuldml
Alphae.mdlml
Alpbamdmu
Nphnandw
Alphaad m
Alphamam
N@awdmu

Alphaandml
w
Mu
Mu

Alpha
Al@awYinBl

k
Al*

Epsilon-plus-mlall.oyn

I Al*-plu.9+psilDn-plImalUJm’ym

b775[55.1017.I%I3’T.84I4OI 10 152 10 I o t o Al@la,EpalOn,anam %

P amOyO

w 8.5 28.5 63.0 0 0 0 102 0 0 I P I %
Upha-plun-Palloym

705 15.0 43.0 42.0 40 0 0 a o 0 NPhaWM P s
:: 14.0 41.0 45.0 Ea o 0 50 0 0 w~p s

1.4.-149.3 36.0 80 0 0 20 0 0 N@aami P *

25

aAJlm”for&?d prior to -ding werehmogenirA fa only48b; theother.uwre amealmlforH hr.
%~nitiouiabydmmicd~FiB .

-=w=-
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TA2L2Iv.-Cancluded

MICROSCOPICA1411X-RAYDATAPOR2R011-2iICXLLMOLY212WJMALLOYS-Concluded

—

C-mpm7itkm mtfmatdamounts
(weightpercent) Orphuen

Alloy (percent) Amlmllngtti~
X-ray d,1.2ooc’c

Fe m MO Alpha 2pslkm Mu P DeltaZ*!*
(h)

Alpha-plus-P-plus-ml8U0yn

b659 o 26 -fO o“” o-
q7 $: $; $:: +. ; s 45 c1 0

P8Jldmu
P8Elmu

10 84
!2

856 19:0 40:0 41:o 60
0 0 P

0 *
39 1 0 0 NPh2andm %

Deltadkyn

803 0 38.5 61.5 0 0 00 100I o I D91ta %

Alpha-plunataOJJ.oya

%86 o
%58 L* ;:: g:;

97 0 0 0 3 0 Alpha
~.. –

0
8.o

0 0
2

0 IM.ta

&&
o E

*
o 0

6.9731:8461:19
0 flphli u)d delta %

q27 1:.g?lg:p fi.~ d
o 0 w o Delta
o : 0 ‘&Us o

5

732 .50
Alpha

o
750 ::: 58.0

0 0 40
37:0

0 Alphaanddd.ta
o

*
o 0 20

:
0 Alphaanddelta

751 56.0 0 0 20
752 6:5 X::

o NPha ad delta
bg.o :

2
0 0 4.

%
o Alphaanddelta

753 5.0 50.0 45.0 0
%

o 0 40 0 AlphBad delta
7* 3.0 42.o 55.0 20 0 0 0 & o
759 40.0 55.0 20

Alpha& dmlta
o- 0 0 80

2

:::
0 Alphsalxldelta

42
55.0 20

8.o4$:; 59.59
0 0 0 &l o Npha anddelta
o

$
~

o 0 93 0
~

Delta %
ti.u .sJ.2235.64 0 0 0 2s
o

Nphaamitilta
39.2E60.72 0 0 0 * :

*
2ata %

P-plus-deltaalJ.0p8

81o 7.0 30.0 63~o o I o 0 I20 m I o I P anddelta *

Alphn-plus-P-plus-deltaaoyn

b~
%3

9.8529.29a.% 4 0 0 60 g o P alladelta %
8.91YL.ol60.09 0 0 10
9.0634.% 55.28 e:

o P MM delta 9$

?2
4 0 5 j’5 o Iklta

U.* 3s.94kg.u u
%

~g %:+6 32.255J.y 10 : : E $ :
AlphhmklP

P
30.0 . 5 0

$
0 92 5 0 P %

Muandeecmd phase of hi@erW

b~
%48

30.35 8.& 60.83 0 0
42.1s o q.85 o

* : :“ : Hu
o *

%
Mu 56

P andaecotiphase of hlg.herMO

783I12-oI 25.0I63.0I o 0 01991 0 I 1 I P I *

Deltaandsecondphaseof higherMO

% ;.52 $:2 E::? :
0 0 0 “98 : Dtlta
o

H
o 0 w Ik31ta S6

P PIUEdeltaw secondphaseofhf.gherMO

864 7.5 28.5 64.0 0 0 0 85 10 I 5 P %

.

.

-.
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TABLEV

TYPICALX-RAYDIFFRACTIONPATT~

ALPHAPHASEOBTAINEDFRCM

OF FACE-CENTERED

ALLOY825WITE

UNIUGTEREDCHROMIUMRADIATION

—

CUBIC

lCo-Fe-Mosystem;asymmetricPhra~n focusingcameraI

Line

1

2

3

4

5

6

7

8

Estimated
intensity

Strong

Verystrong

Weak

Medium

Weak

Medium

Medium

Weak

0

(deg)

29.97

33.25

35.24

39.36

54.82

63.81

64.03

73.48

d

(kx)

2.0823

2.0855

1.8030

1.8030

1.2728

1.2731

1.2730

1.0851

Radiation
Cr K hkl

T
Alpha

Beta

Alpha

Beta

Alpha~

Alp%

Beta

u-l.

200

200

220

220

220

31J

27
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TABLEVI .

TYPICALX-RAYDE’FRACT~ONPATTERNOF BODY-CENTEREDCUBIC

EPSILONPHASEOBTAINEDFRCMALLOY768WITH

UNFILTEREDCHROMIUMRADIATI@I

~e-Ni-Mosystem;asy&etricPhragmenfocusingcsmer~

Line

1

2

3

4

5

6

7

Estimated
intensity

Strong

Verystrong

Veryweak

Medium .”.

Weak

Strong

Strong

e
(deg)

30.62

34.19

46.12

52.49

62.19

76.31

76.74

Radiation
Cr K hkl

(i)

2.0366 Beta 110

2.0347 I Alpha
I

I-1o

1.4433 I Beta I 200

L.4414
I

Alpha I 200

1.1761
I

Beta I 211

1.1759 I Alphal I 211

1.1757 Alpha~ I 211

. -.

.
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TABLEVII

TYPICALX-RAYDIFFRACTIONPATTERNOFMU PHASEOBTAINEDFROM

ALLOY784WITHmlL=D CHROMIUMRADIATION

~e-Ni-MOs~stem;asymmetricPhragmenfocusingcamer~

Line
Estimated
intensity

1

2

3

4

5

6

7

8

9

10

11

12
●

13

14

15

16

Medium

Strong

Veryweak

Weak

Veryweak

Veryweak

Medium

Veryweak

Weak

Veryweak

Verystrong

Medium

Medium

Veryweak

Weak

Weak

(d~g)

25.81

28.60

29.03

29.91

30.31

30.70

31.52

31.91

32.17

32.82

33.25

33.72

34.15

35.55

36.60

39.51

Line

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

Esthated
intensity

Very weak

Veryweak

Weak

Veryweak

Veiyweak

Weak

Weak

Medium

Medium

Veryweak

Veryweak

Veryweak

Medium

Weak

Strong

Medium

29

52.69

55.34

56.27

56.44

58.25

59.05

59.26

60.84

61.03

61.76

61.84

64.48

69.03

69.32

73.85

74.21
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TABLEVIII

TYPICALX-RAYDIFFRACTIONPATTERNOF DELTAIWASE

OBTAINEDFROMALLOY803

~e-Ni-Mosygtem;asymmetricPhra~n focwingcamera

Line

1
2

:

:
7
8
9

10
Xi
12
13
14
15
16
17
18
19
20
21
22
23

Estimated
intensity

Weak
Veryweak
Medium
Medium
Veryweak
Weak
Medium
Weak
Strong
Weak
Weak
Medium
Veryweak
Veryweak
Veryweak
Strong

Verystrong
strong
Medium
Weak

Veryweak
Veryweak
Veryweak

e Line

(deg)

25.17 24
25.40 25
27.95 26
28.16 27
28.93 28
29.81 . 29
30.25 30
30.62
31.10 :;
31.31 33
31.48 34--
32.=
32.G %
32.69 37
32.95 38
33.12
33.68 ::
34.05 41
35.08 42
36.23 43
38.28
38.76 E
40.72 46

Estimated
intensity

Veryweak
Veryweak
Veryweak
Veryweak
Veryweak
Veryweak
Veryweak
Veryweak
Veryweak
Veryweak
Veryweak
Veryweak
Veryweak
Veryweak
Veryweak
Veryweak
Veryweak
Weak
Weak
Weak
Weak
Weak
Weak

e
(deg)

54.48
54.78
55.45
56.04
57.26
57.60
58.35
58.75
58.99
62.67
63.05
63.22
63.76
63.98
65.65
66.11
66.41
67.54
67.76
70.34
70.65
77.13
77.51
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TABLEIX

TYPICALX-RAYDIFFRACTIONPATTERN

. 31

OF P PEASE

OBTAINEDFRCM

@e-Ni-Mosystem;asymmetric

Line

1
2

:

2
7
8
9
10
U
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

Estimated
tntensity

Veryweak
Veryweak
Veryweak
Veryweak
Weak
Medium
Weak

Veryweak
Weak
Medium
Veryweak
Weak

Veryweak
Weak
Medium
Strong
Weak

Veryweak
Strong
Veryweak
Strong
Weak
Medium
Strong
Veryweak
Weak

Veryweak

e
(deg)

25.34
25.61
26.05
26.38
28.22
28.38
28.88
29.01
29.19
29.~
29.77
30.04
30.27
30.42
30.60
31.27
32.09
32.53
32.76
33.07
33.40
33.65
33.86
34.05
35.05
36.23
36.57

moY 809

Phragmenfocusingcamera

Line

28
29
30
31
32
33
34
35
36

;;
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53

Estimated
intensity

Weak
Veryweak
Veryweak
Veryweak
weak
Weak
Weak
weak

Veryweak
Veryweak
Veryweak
Veryweak
Veryweak
Veryweak
Veryweak
Veryweak
Veryweak
Weak
Weak

Veryweak
Veryweak
Weak
Weak
Weak
Weak
Weak

e
(deg)“

36.90
38.43
59.05
59.48
59.89
60.08
61.10
61.32
62.37
62.54
63.26
63.49
64.69
64.*
65.32
65.60
66.17
66.43
66.97
67.39
69.11
69.49
72.63
73.00
76.00
76.41



TABLE.X

TYPICALX-WY DIFFRACTIONPATTERN

OBTAINEDFROMALLOY.703

~&Ni-McIsystem;tisynmetricPhra~enf.cusi~.amer~

Line Estimatedintensity
(d&)

1 Veryweak 26.84

2 Veryweak 27.47

3“ Weak 29.29

4 Weak 30.44
~.

strong 32.63

6 Weak 35.72

7 Weak 60.88

8 Weak 61.05

.

‘JY$i9’
.

.
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TABLEXI

.

33

X-RAYDIFFRACTIONDATAAS FUNCTIONOF COBALTCONTENTFOR THE

SATURATEDMU PHASEAND DATAFORA THREE-PHASEALLOYIN

TEECOBALT-IRON-MOLYBDENUMSYSTEM

~ata for fig. 2iJ

Weightpercent
A.lloy .cobalt

(d~g) (:)

847 0 69.28 1.2215

861 10.0 69.66 1.2184

849 22.0 69.85 1.2170

850 33.0 70.14 1.21W3

851 46.0 70.30 1.2135

852 Three-phasealloy 69.78 1.2174



34

TABLEXII

VARIATIONOF LATTICEP~ a. OF THE9ATURATEDALPHA

ALLOYSOF TKECOBALT-IRON-MOLYBDENUMTERNARY

SYSTEMAS FUNCTIONOF COBALTCONTENT

—

Alloy Weightpercent
cobalt— ‘“““

(:)

399 ~.o 3.5925

825- 64.o 3.6005

824 54.0 3.604.6

745 47.0 3.6041

800 44.0 3.5995

.
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TABLEXIII

VARIATIONOF LATTICEPARAMETERa. OF ‘THXSATUIUYTED ALPHA

PHASEIN !I!KEIIION-NICKEL-MOLYBDEIWJMHARY

flSTEMASFUNCTIONOFNICKELCONTENT

Alloy

727

863

726

839

701

813

778

699 ~

724

723

Weightpercent
nickel

60.0

49.5 “

53.0

50.0

45.0

36.5

27.5

18.0

16.0

14.0

35

(2)
3.6130

3.6147

3.6187

3.6172

3.6172

3.6146

3.6067

3.61.J_4

3.6135

3.6146
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TABLEXIV —
.

X-RAYDIFFRACTIONDATAAS j?UNCTIONOF NICKELCONTENT

FORTHE SATURATEDMU PHASEIN THE

IRON-NICKEL-MOLYBDENUMSYSTEM

Ekta forfig.23

Alloy Weight~ercent _
e dnickel

(deg) (H)

847 o 69.29 1.2215

862 5.0 69.36 1.2210

805 11.0 69.3L 1.2213

8)2 18.0 69.09 1.2231

782 19.0 69.22 1.2221

647 20.0 69.06 1.2232

.

.

.
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TABLEXV

CORNERSOF THETHREE-PHASEFIELDSOF THE INVESTIGATED

PORTIONOF T!KEIRON-NICKEL-MOLYBDENUMSYSTEM

Corner

Alpha

Epsilon

Mu

Alpha

Mu

P

Alpha

P

Delta

Three-phasefield

Alpha-mu-epsilon

Alpha-mu-epsilon

Alpha-m-epsilon

Alpha-mu-P

Alpha-mu-P

Alpha-mu-P

Al~ha-P-delta

Alpha-P-delta

Alpha-P-delta

Composition
(weightpercent)

Fe Ni Mo

72.7 u.6 15.7

71.0 8.0 21.0

42.6 4.4 53.0

16.0 55.5 28.5

23.3 19.2 57.5

13.3 26.2 60.5

16.0 55.5 28.5

10.0 28.8 6~.2

8.5 30.0 61.5
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Figure1.-~OY 844con%ai~
molybdenum.Alphagrainsin
illumination;X500.

NAC.A -

39.28percent nickeland60.72percent
deltiseeninrelief;unetched;oblique

.

“---- ., -.. -.

-— ~-—. --

——.—- . . . . . ,- ~ -=*... =-. “-.. -:—l —-.“ —

.

Figure2..Alloy647containing21.92p&cent”iron,-20.11percent-nickel,&d
57.97percentmolybdenum.Etchedsndstainedaccordingto procedure2;
P phasestainedinbrilli~t--co~ors,withMU phasestained.l@rtto dark
tan,dependingon orieritation;“somesreasof”Pmarked;X500.

.

.

.
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Figure3.- Alloy 659containing15.~ percent iron,24.87percent-nickel,an~
59.26percentmo~bdenum. Etchedand stainedaccordingto procedure2;
lightcoloredm-phasep~ticles,withdendriticalphagrainsenibeddedin
them,in darkermatrixofP phase;P phaseshowsorientationeffect;X500.

f-%z.:. .’

P,
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Figure4.- Alloy 731 containing9.86 percent iron, 34.86percent nickel, and
55.28yercent mo~bdenum.Etchedandstained accordingto procedure2;
brilliantlycoloredidiomorphicP-phasepsrticlesandslightlyroughened
alphagrainsinmatrixof deltaphase;stainon deltagrainsvaries
slightlywithorientation; X500.
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Figure5.- Alloy
13.10percent
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694 containing16.56 percentcobalt,70.34percentiron,snd
molybdenum.Etchedaccordingto procedure1: 100-~ercent-

epsilonphase,withverylargegrains;XIO~. -
.

.

Figure6.- Alloy746 containing20.17 percentcobalt,60.31percenttion,md
19.52percentmolybdenti.ll%chedaccordingto“procedure1; whitegrainsof
mu phaseinmatrixof epsilonalongepsilongraiubo@Lsries;eysilonphase
stafnsto a verydarkcolorin.thisregionof theternarydiagram;grain
boundariesbf epsilonphaserevealed;X500.
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Figure7.- Alloy8!52containing21.0percentcobalt,43.o percentiron,and
36.0percentmo~bdenum. Etchedaccordingto procedure1; three-phase
alloyof alpha,showingroughenedgrains,unattachedU, anddarkepsilon;
X500.
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Figure9.-The12C0°C it30thermlsecticmofthecobalt-iron-molylilemm
Iiernory6yetemwithalloyccmpositionaindicated.
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Figure12. - woy I’01-containingQ .85percenttion,44.83 percentnickel,and
23.3Zpercentmolybdena. E-tchedaccordingto procedure1; typicalstructure
of alphaphase,withfairlylargegrainsandshowingannealingtwins;second
phasemu is not clearlydistinguishablebecauseof lowmagnification;X50.

Figure13.- Alloy743 containing.34.0 yercentcobalt,56,0
10.0 percentmolybdenum.Etchedaccordingto procedure
of transformedalpha;X50.

percentiron,and
1; WPical structure

.

.
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Figure14.- A120y693 containing19.8 percentcobalt,70.0percentiron,and
‘1O.2 percentmolybdenum.Completelytransformed&lpha,withno epsilon
phasepresent;largegain sizeresultingfrom~ain growthin slloycon-
sistingof a singlephaseat anneslingtemperature;X50.

. t

Figure15. - Alloy 648 containing34.@ percentiron,9.@ percentnickel,and
55.42 percentmoly~denum.Etchedand stainedaccordingto procedure2;
a lighttsm stainthroughout;typicalstructureofmu pQase;X500.
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Figure16.2 M.Ioy 829 containing78.19
21.81percentmolybdenum.Etchedlightly.accordi&

grainsclesrlydelineatedinmatrixof epsilon;etchingwastoo
to revealgrainboundariesof epsilonphase;X500.
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Alloy 725 containing55.0percentiron,26.0percentnickel,and
19.0percentmolybdenum.Lightlyetchedand stainedaccordingto procedure
stainedparticlesofm phaseinmatrixof alpha;X500.

Figure18.- iMIOY 762 containing10.16 ~ercent’iron,32.25 percent ~ckelj and
57.59percentmolybdenum.Etchedandstainedaccordingto procedure2;
slightlylighterdeltagrainsanddendriticroughenedalphain matrixof
P phase,whichshowsan orientationeffect;somemeas of deltaphase-~ked
X500.

2.
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Figure19.- Alloy 820 containing17.2percentcobalt,70.0percentiron,smd
12.8percentmolybdenum..Etchedaccordingto procedure1; transformed
slpha’inmatrixof.epsilon.pmse;epsilongrainssmsJ2erthaninfigure5 _ ._
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Figure20. - Alloy 821containing18.0percentcobalt,70.0p=cent iron,and
12.0percentmolybdenum.Etchedaccordingto procedure1; epsilonin matrix -

of transformedalpha;graingrowthis inhibitedin alloys-co&istingof two
phasesat annealingtemperature,resultinginrelativelysmallgrainsize;
X500.
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Figure21. - Vsriationat 1200°C of the d vslueof thetwenty-ninthX.rsy
diffractionlineof themu phasein the cobslt-iron.molybdenumternary
systemplottedas a functionof colxil.tcontent.
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Figure22. - Variationat 1200°C!of the d valueof thetwenty-ninthX-ray

diffractionlineof
systemplottedas a

themu phasein theiron-nickel-molybdenumternary
functionof nickelcontent.
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Figure24.-Atomic-pxcentxgeplot of the &on-nickel-molybdenumternarysystem
at 1200° C showinglocationof internmliatephases in relationto electron
eqnivacancylines.
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Figure25.-Atomic-percent~e plot of the cobal.t-nickel-mwbdmmterm
systemat 1200°C showiaglocationof intermediatephasesin relationto
electionequlmcancylines.
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Figure 26.-Atcmic-p+xcentageplot of We cobalt-nickel-chromiumtmrnary
systemat 1200° C showinglocationof intermediate phases in relation
to electronequivacancyllnm.
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